The first diastereoselective construction of butanetype and butyrolactone-type secocyclolignanes was achieved by the application of a high-valency heterobimetallic Ir-Sn complex to benzyl alcohols prepared from an Evans's anti-aldol product. The elimination of an acetoxymethyl group to give a cinnamyl structure by using a high-valency heterobimetallic Ir-Sn complex was also observed in this study.
The lignans biosynthesized by plants display a variety of chemical structures and biological activities. [1] [2] [3] The butanediol 1 and butyrolactone 2 type of lignans ( Fig. 1 ) are well known to be contained in food plants, whose biological activities, adiponectin productive activity, 4) antimicrobial activity, 5) and cytotoxic activity 6) have been reported. Secocyclolignanes 3 and 4 7) respectively have rearranged structures from 1 and 2. Thus, the phenyl group at the 7 position of 1 and 2 is moved to the 7 0 position, giving the corresponding diphenylmethyl group. Since the structure-biological activity relationship of secocyclolignanes has not been reported, stereoselective synthetic studies are important for biological research. This report describes the diastereoselective construction of the secocylolignane structure.
A key to the synthesis is the availability of the recently reported high-valency heterobimetallic Ir-Sn complex. 8) Benzyl alcohol substrates 5 and 7 could be transformed to secocyclolignane structures 6 and 8, respectively, by this new Friedel-Crafts reaction (Scheme 1). The Friedel-Crafts reaction using Fe(III) to form the lignan structure has also been reported. 9) In this experiment, benzyloxybenzene was employed as substrate using Ir-Sn complex. The stable protective group of 5 in the presence of a Lewis acid should be selected.
Results and Discussion
For the stereoselective preparation of substrates for the Friedel-Crafts reaction of 16, 17, 18, and 22, Evans's anti-aldol product 9 10) was employed (Scheme 2). After protection of the secondary hydroxy group of 9 as a triisopropylsilyl ether, LiBH 4 reduction, oxidative cleavage of the olefin, pyridinium chlorochromate oxidation, and -methylation afforded lactone 13. The LiAlH 4 reduction of 13 and subsequent acetylation or benzoylation gave 14 or 15. Cleavage of silyl ethers 14 and 15 was performed to furnish 16 and 18, respectively. Diacetate 16 could be converted to tert-butyldiphenylsilyl ether 17 by hydrolysis followed by selective silylation. The preparation of substrate 22 began with LiBH 4 reduction of 9, followed by protection of the resulting primary hydroxy group as a pivaloyl ester. Oxidative cleavage of the olefin of 19, pyridinium chlorochromate oxidation, and -methylation gave 21, which was subjected to LiAlH 4 reduction followed by benzoylation, giving 22. Lactone-type substrates 23 and 24 for the synthesis of lactone-type secocyclolignanes were prepared from 12 and 21, respectively (Scheme 3). Desilylation of 12 gave 23. On the other hand, treatment of 21 with an aqueous NaOH solution followed by acidification gave desired lactones 24 (31%) and 25 (60%). Primary alcohol 25 could be transformed to 24 in 33% yield by the treatment with an aqueous NaOH solution followed by acidification, recovering 25 in 64% yield.
As the next stage, Friedel-Crafts reactions employing the high-valency heterobimetallic Ir-Sn complex,
, and the prepared substrates were attempted (Schemes 4 and 5).
8) The reaction of diacetate 16 did not give a Friedel-Crafts product, but unexpected olefin 26 was obtained in 43% yield. It could be assumed that the production of the benzylic cation of 16 was followed by elimination before the Friedel-Crafts reaction. No other olefin derivatives were observed. This acetoxymethyl elimination was also observed in a lower yield when AlCl 3 /Cl(CH 2 ) 2 Cl (80 C, 12 h, 10 mol%, 10% yield; 1 eq., 15% yield), p-TsOH/Cl(CH 2 ) 2 Cl (80 C, 12 h, 30 mol%, 13% yield) and p-TsOH/toluene (120 C, 12 h, 10 mol%, 24% yield) were employed. The elimination product was not obtained when TiCl 4 , SnCl 4 or [Ir(COD)(-Cl)] 2 11) were used. The coupling product was not obtained under these conditions. Olefin 26 was obtained in the highest yield by using [Ir 2 (COD) 2 (SnCl 3 ) 2 (Cl) 2 (-Cl) 2 ] which was the best catalyst to get a cinnamyl structure from 16.
Disilyl ether 17 gave desired secocyclolignane 27 in low 17% yield. Starting material 17 was not recovered, and the production of an olefin such as 26 and olefin derivatives was not observed in this reaction. The desired secocyclolignane structure could be obtained in 75% yield in the reaction with dibenzoate 18. The production of olefins and olefin derivatives was not observed. Among the protective groups for primary hydroxy groups, a benzoate has been proven to be the most effective to give a secocyclolignane structure.
Diastereomeric compound 30 was also obtained from benzoate 22 in 67% yield. No olefin and olefin derivatives were observed. The deprotection of 28 and 30 was performed to give 29 and 31, respectively. Lactone-type secocyclolignanes 34 and 35 were also respectively obtained from butyrolactones 23 and 24 bearing a benzylic hydroxy group. The Friedel-Crafts reaction of 23 and 24 employing the high-valency heterobimetallic Ir-Sn complex gave a (diphenyl)methyl structure. These products were converted to secocyclolignanes 34 and 35.
In conclusion, diastereoselective syntheses of secocyclolignane structures were achieved for the first time by using a high-valency heterobimetallic Ir-Sn complex. The cinnamyl structure was obtained by acetoxymethyl elimination when the high-valency heterobimetallic IrSn complex was employed.
Experimental
General experimental procedures. Melting point (mp) data are uncorrected. NMR data were measured by a JNM-EX400 spectrometer, using TMS as a standard (0 ppm), MS data were measured with a JMS-MS700V spectrometer, and optical rotation values were evaluated with a Horiba SEPA-200 instrument. Elemental analysis was carried out with a Yanako MT-5 CHN coder, and the silica gel used was Wakogel C-300 (Wako, 200-300 mesh). 012 mol) in EtOAc (150 ml) was stirred at room temperature for 20 h before filtration through silica gel with ether. The filtrate was concentrated, and then the residue was dissolved in MeOH (250 ml). After addition of CF 3 CO 2 H (5 ml), the resulting reaction solution was stirred at room temperature for 30 min before addition of Et 3 N. The mixture was concentrated, and then the residue was applied to silica gel column chromatography (a) (n-Bu) 4 NF, AcOH, THF, r.t., 1 h (60% yield); (b) (1) aq. NaOH, EtOH, r.t., 12 h, (2) 
C, 12 h, (2) H 2 , 5% Pd/C, THF, r.t., 6 h (56% yield, 2 steps). (10) . To an ice-cooled solution of 9 (28.2 g, 0.060 mol) and 2,6-lutidine (11.8 ml, 0.10 mol) in CH 2 Cl 2 (250 ml) was added TIPSOTf (18.8 ml, 0.07 mol). After the reaction solution was stirred at room temperature for 1 h, sat. aq. (3S)-3-[(S)-(4-Benzyloxyphenyl)(triisopropylsilyloxy)methyl]-4-butanolide (12). A reaction solution of 11 (9.57 g, 0.021 mol) and NMO (3.20 g, 0.027 mol), and OsO 4 (aq. 2% solution, 3 ml) in acetone (240 ml), tert-BuOH (60 ml), and H 2 O (60 ml) was stirred at room temperature for 12 h before addition of sat. aq. Na 2 S 2 O 3 solution. After concentration of the mixture, the residue was dissolved in EtOAc and H 2 O. The organic solution was separated, washed with brine, and dried (Na 2 SO 4 ). After evaporation, the residue was dissolved in MeOH (200 ml). To this solution was added NaIO 4 (5.60 g, 0.026 mol), and then the reaction mixture was stirred at room temperature for 1 h before concentration. The residue was dissolved in H 2 O and EtOAc. The organic solution was separated, washed with brine, dried (Na 2 SO 4 ), and concentrated. A reaction mixture of the residue, PCC (5.70 g, 0.026 mol), and MS 4A (0.10 g) in CH 2 Cl 2 (150 ml) was stirred at room temperature for 12 h before addition of ether and filtration. The filtrate was concentrated, and then the residue was applied to silica gel column chromatography (EtOAc:hexane 
(2S,3S)-2-[(S)-(4-Benzyloxyphenyl)(triisopropylsilyloxy)methyl]-3-methyltetramethylene diacetate (14).
To an ice-cooled suspension of LiAlH 4 (0.35 g, 9.22 mmol) in THF (10 ml) was added a solution of 13 (2.00 g, 4.27 mmol) in THF (10 ml). After the reaction mixture was stirred at 0 C for 1 h, sat. aq. MgSO 4 solution and K 2 CO 3 were added, and then the resulting mixture was stirred at room temperature for 30 min before filtration. The filtrate was concentrated, and then the residue was dissolved in pyridine (4 ml) and Ac 2 O (4 ml). The resulting reaction solution was stood at room temperature for 12 h before addition of ice. After additional 6 h at room temperature, the mixture was dissolved in CH 
(2S,3S)-2-[(S)-(4-Benzyloxyphenyl)(triisopropylsilyloxy)methyl]-3-methyltetramethylene dibenzoate (15).
To an ice-cooled suspension of LiAlH 4 (0.18 g, 4.74 mmol) in THF (10 ml) was added a solution of 13 (1.00 g, 2.13 mmol) in THF (10 ml). After the reaction mixture was stirred at 0 C for 1 h, sat. aq. MgSO 4 solution and K 2 CO 3 were added, and then the resulting mixture was stirred at room temperature for 30 min before filtration. The filtrate was concentrated, and then the residue was dissolved in pyridine (10 ml . To a solution of 9 (23.3 g, 49.4 mmol) and MeOH (4.3 ml) in THF (260 ml) was added a solution of LiBH 4 (2.15 g, 98.7 mmol) in THF (115 ml) at below 0 C, and then the resulting reaction solution was stirred at 0 C for 1 h. After additions of 1 M aq. NaOH solution and EtOAc, the organic solution was separated, washed with brine, dried (Na 2 SO 4 ), and concentrated. The residue was dissolved in pyridine (20 ml). To the ice-cooled solution was added PivCl (6.10 ml, 49.5 mmol), and then the resulting reaction mixture was stirred at room temperature for 30 min before additions of CH 01 (2H, m), 7.24-7.30 (2H, m), 7.32-7.45 (5H, m) . 
